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Abstract— The accurate measurement of oscillation 
amplitude in high frequency resonant micro-mirrors is critical 
for the correct operation in high precision applications. This 
paper proposes a novel technique for measuring the oscillation 
amplitude using a single photodiode placed in the path of the 
reflected laser beam. Furthermore, for the first time, a 
measurement-based comparison for different all-digital 
fractional-N dividers used for the fine adjustment of the mirror 
drive frequency is presented. It was found that the dithering 
method, typically used in instrumentation applications, can be 
successfully applied for the drive of high performance micro-
mirrors whilst requiring minimal circuit complexity. 
Keywords— Resonant micro-mirror, fractional-N dividers, 
photodiode-based amplitude measurement. 
I. INTRODUCTION  
Resonant Micro Opto-Electro-Mechanical System 
(MOEMS) mirrors are increasing in popularity for 
applications such as 3D scanners and pico-projectors [1]. The 
basic principle of resonating micro-mirrors consists of a 
reflective structure which is actuated at its resonant frequency 
in order to steer an optical beam. Since the structure is 
operating at its natural frequency, the magnitude of the 
applied force can be very small while keeping the frequency 
high, when compared to non-resonant scanners. Actuation 
can be achieved using electrostatic, piezoelectric or magnetic 
techniques. Electrostatic angular resonating micro-mirrors 
are particularly easy to manufacture in standard MEMS 
processes, since they do not require any specialized material. 
In addition, they can also be implemented in a single 
plane [2]. 
Resonant micro-mirrors require some form of phase 
feedback so that the drive frequency can be matched to the 
damped frequency of oscillations. This is typically achieved 
using a Phased Locked Loop (PLL) driver [3] [4]. In certain 
applications, such as micro-spectrometers, having closed-
loop control on the oscillation amplitude,	ߠ௠௔௫ , is critical for 
reliable and repeatable operation. This can be achieved using 
techniques such as position sensitive detection (PSD). This is 
used to measure the change in capacitance in a comb-
structure [4] as well as optical feedback using a quadrant 
detector underneath the mirror [5]. 
This paper proposes a novel technique for measuring 
ߠ௠௔௫ and phase between the applied voltage and mirror 
angle, based on photodiode which detects the laser beam at a 
specific position (Figure 1(a)).  
Furthermore, an analysis is carried out on the use of an 
all-digital actuation technique to operate a mirror, similar to 
the setup described in [6], at its resonant point. This type of 
micro-mirror operates at around 21 kHz and has a narrow 
bandwidth of around 20 Hz. This therefore implies that it 
must be driven by a signal having a precise frequency, which 
is difficult to achieve when using all-digital integer dividers. 
A common technique to obtain a high frequency resolution 
is to use a voltage-controlled oscillator together with a digital-
to-analog converter. This introduces a further complication as 
both analog and digital circuitry would be required. An 
alternative is to use a digital fractional-N divider. This type of 
divider alternates between two frequencies, generated by 
integer dividers, in order to create an averaged frequency. An 
improvement over the fractional-N divider is the sigma delta 
fractional-N divider [7]. This divider uses a sigma delta 
modulator to randomly distribute in between the two integer 
divisions. Another alternative is the dithering technique [8], 
where unlike the previous two methods, the window in which 
the two frequencies alternate changes depending on the output 
frequency. This approach is also simple to implement in 
digital logic [9]. 
II. OSCILLATION AMPLITUDE AND PHASE MEASUREMENT 
TECHNIQUE USING A PHOTODIODE 
The proposed technique uses the timing between pulses 
from a photodiode which is placed in line of the laser path that 
is reflected off the mirror (Figure 1). The simplest approach 
uses the center of the photodiode pulse as a reference and then 
computes ߠ௠௔௫ using (1).  
 ߠ௠௔௫ = 	 ଵଶ tanିଵ ቌ
ೣ
೤బ
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where ݔ is the distance of the photodiode center from the 
laser normal, ݕ଴ is the distance of the photodiode from the 
mirror, and ଵܶ and ଶܶ are the time measured between the 
photodiode pulses. 
The pulse length produced by the photodiode is 
dependent on the frequency of the mirror, the amplitude of 
oscillations and the position of the detector. It can be 
determined using (2). For the setup used ݕ଴ = 95 mm, 
ݔଵ=1.8 mm, and ݔଶ = 5 mm which results in a minimum pulse 
length of 25 ns. The laser spot size determines the maximum 
pulse rise and fall time. A photodiode and amplifier, having 
a rise time at least five times faster than the pulse width, has 
been used during measurement.  
 ௣ܶ = 	 ଵଶగ௙ ቂsinିଵ ቀ
௫మ
௬బ ୲ୟ୬(ఏ೘ೌೣ)ቁ − sin
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The inverse tangent in (1) results in the output being very 
sensitive to small errors in the timing measurement. One 
source of such error is the difference between the photodiode 
rise time and fall time. An improved alternative uses only the 
rising edge of the photodiode pulse to determine ߠ௠௔௫.  The 
time ܶ ଴ in Figure 1 can be calculated from ܶ ଵ and ܶ ଶ using (3);  
 ଴ܶ = 	 ଵଶగ௙ tanିଵ ൬
ୱ୧୬(ଶగ௙ భ்)௫మ ௫భൗ ିୡ୭ୱ(ଶగ௙ భ்)
൰    (3) 
where ݔଵ and ݔଶ are the distance of the photodiode edges 
from the normal axis, and ଵܶ is the length of the shorter pulse 
and f is the frequency of oscillations. 
The maximum achievable angle, ߠ௠௔௫, can be calculated 
using (4). ଴ܶ can also be used to calculate the zero-angle 
crossing time, from which the phase between the drive 
voltage and mirror angle can be estimated. 
 ߠ௠௔௫ = 	 ଵଶ tanିଵ ቀ
௫భ
௬బ ୱ୧୬( బ்)ቁ    (4) 
The amplitude measurement technique was implemented 
on an FPGA. T1 and T2 were measured using a running 
counter and fT1 was then calculated by dividing T1 by (T1+T2). 
The values of T0 and ߠ௠௔௫ were stored in lookup tables with 
fT1 as input. Both lookup tables consist of 1024 entries with 
T0 ranging from 0 to 0.0563 ms and ߠ௠௔௫ ranging from 0.84 
to 23.37 degrees. This resulted in a very fast and efficient way 
to compute the non-linear equations (3) and (4). A moving 
average with a window of 64 samples was then used to reduce 
the noise in computed values of T0 and ߠ௠௔௫.  
Figure 2 shows the frequency response of the micro-
mirror obtained using the photodiode and Hamamatsu 
C10443-04 PSD based measurement methods, where a good 
agreement between the two techniques can be observed. 
 
III. EXPERIMENTAL RESULTS OBTAINED USING DIFFERENT 
ALL-DIGITAL DRIVER IMPLEMENTATIONS 
Testing of all-digital resonating micro-mirror actuator was 
carried out on an angular vertical comb-drive micro-mirror 
with a diameter of 1 mm and resonant frequency of 
approximately 21 kHz. 
 The testing setup shown in Figure 3 has been used to 
accurately measure the mirror oscillation amplitude using the 
photodiode technique described in section II. Additional 
Figure 1: (a) Optical Setup (b) Corresponding projected laser spot position and photodiode signal waveform 
 
 
Figure 3:Oscillation amplitude of micro-mirror using PSD and 
photodiode pulses 
Figure 2: Oscillation amplitude of micro-mirror using PSD and photodiode 
pulses 
 
 
Figure 4: Optical setup used for measuring the micro-mirror scanning 
amplitude 
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functionality was included to measure the maximum and 
minimum amplitude of the mirror oscillations during a one 
second window. A delay of one second was also added after 
changing the frequency in order to allow the mirror to settle to 
a steady state operation. 
The all-digital driver was implement on a Spartan 6 FPGA 
running at 100 MHz. Since the mirror is electrostatically 
actuated, instead of a bipolar sinewave at its resonant 
frequency, the mirror is operated using a unipolar square wave 
at double the resonant frequency. The frequency resolution 
using an integer divider at 42 kHz is approximately 16 Hz. 
Since the bandwidth of the mirror is approximately 20 Hz, 
with this resolution it is not possible to operate the mirror at 
its resonant point.  
The fractional N-divider was set up so that it switches 
between two integer dividers in a window of 12 ms, with a 
ratio so that the center frequency matches the required output. 
The single order sigma delta fractional-N divider was also 
implemented on the FPGA. The sigma-delta modulator 
distributes the integer divisions randomly across the 12 ms 
window.  
A dithering approach was also implemented on the FPGA. 
In this approach, the ratio between the two integer frequencies 
is always 1:N; where N changes so that the center frequency 
is equal to the required frequency. This is achieved by 
counting in steps of 1000 until the total is larger than a target 
which is equal to the step size multiplied by the input 
frequency and divided by the output frequency. When the 
target is exceeded, the counter is not reset to zero. The target 
value is instead subtracted from the counter. This therefore 
means that at the start of the next cycle, the counter is loaded 
with the overflow from the previous cycle. The overflow 
keeps adding up over each cycle until it is larger than the step 
size and therefore results in the cycle requiring one less count 
to exceed the target. 
The resultant output frequency switches between the two 
integer divisions in a pseudo random pattern and has a similar 
effect to a sigma-delta fractional-N divider. The spurs in 
frequency response are pushed away from the center 
frequency. Unlike the sigma delta fractional-N divider, the 
dithering approach does not repeat over a fixed time window, 
but instead the sequence length is dependent on the output 
frequency. 
The maximum and minimum amplitude during a one 
second window for a frequency sweep of a micro mirror using 
the three techniques is shown in Figure 5. Figure 6 displays the 
amplitude range during the one second window. The results 
show that a fractional-N divider results in an amplitude 
variation of the mirror response. This occurs since the spurs 
introduced by the fractional-N divider are within the 
bandwidth of the micro-mirror. Both the sigma delta 
modulator and the dithering techniques shift the spurs away 
from the center frequency. The shift of the spurs from the 
center frequency can be seen in Figure 7. Both techniques 
perform equally better than the fractional-N divider when 
actuating the mirror in a stable manner. It is, however, noted 
that the dithering approach is simpler to implement. 
  Figure 5: Maximum and minimum oscillation amplitude and phase using 
three types of fractional-N dividers. 
 
Figure 6: Minimum and maximum oscillating amplitude range in a one 
second window for the three types of fractional-N dividers. 
Figure 7: FFT response for Fractional-N divider, Sigma Delta Fractional-
N Divider and Dithering divider. 
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CONCLUSION 
This paper presents a novel technique for measuring the 
amplitude of oscillations of a resonating micro-mirror using a 
single photodiode in-line with the reflected laser beam. The 
setup uses pulse timing in order to calculate the sinusoidal 
amplitude and the zero crossing time. These can be used to 
calculate the angle of the mirror at any point in time. Moreover 
the performance of three all-digital frequency synthesizers in 
operating the mirror at its resonant point are evaluated through 
comparison. The results show that a fractional-N divider is not 
suitable for operating the micro-mirror with a stable 
oscillation amplitude. Sigma-delta fractional-N divider and 
dithering technique are equally appropriate in operating the 
mirror. The dithering technique is simpler to implement in 
digital logic. 
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